ANALYSIS OF SELECTED METHODS USED FOR THE REVERBERATION TIME ESTIMATION by OLECHOWSKA, Marcelina & ŚLUSAREK, Jan
1. INTRODUCTION
More and more works on architectural acoustics
involves the study of small rooms or measurements on
low-frequencies [1, 2].
In small rooms lack of diffuse sound field is the result
of standing waves whose length is comparable with the
size of the room. In addition, the standing waves influ-
ence the deterioration of acoustic comfort of rooms.
Such disturbances were described in [3-5]. And for
example, the [6] shows the relationship between the
reverberation time and a speech transmission index.
The standard for measurement of the reverberation
time in ordinary rooms ISO 3382-2: 2008 [7] regards
the measurements in the range from 100 Hz to
5000 Hz. This measure concerns the analysis of sound
decay, which due to the resonant frequency is highly
non-linear. Therefore, there are studies [1], which
offer completely new measuring methods as well as
creating new methods for estimating the reverberation
time [8].
Among other things, for these reasons various models
for estimating the reverberation time were developed
and they come true or work better or worse in differ-
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A b s t r a c t
The paper presents a comparison of the reverberation time of two boxed rooms considered in two variants. The purpose of
the paper is the comparison of the reverberation time measurements results with the results obtained of the available equa-
tions and simulation in the ODEON software. The differences between the applicable models and computer simulation and
measurement were analyzed. The determined values of the residual analysis were used to develop the rules for granting
points to formulas or acoustic simulation. On this basis the choice of the best formula or acoustic simulation for a given
octave frequency compared with the measured value was made.
S t r e s z c z e n i e
Artykuł przedstawia porównanie czasu pogłosu w dwóch pomieszczeniach uwzględniając dwa warianty. Celem artykułu było
porównanie wyników pomiarów czasu pogłosu otrzymanych za pomocą dostępnych równań oraz oprogramowania ODEON.
Przeanalizowano różnice pomiędzy dostępnymi modelami, symulacjami komputerowymi oraz pomiarami. Wartości
uzyskane w analizie zostały użyte do sformułowania zasad wyboru punktów do równań lub symulacji akustycznych. Na tej
podstawie, w porównaniu z pomiarami, wybrane zostało najlepsze równanie lub symulacja akustyczna dla danej częstotli-
wości oktawowej.
K e y w o r d s : Acoustic absorption; ODEON software; Reverberation time; Room acoustics.
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ent rooms. The differences between models for small
rooms have been presented and described in [9].
To estimate the reverberation time is much different
designs Sabine’s [10], Eyring’s [11], Millington’s [12],
Kuttruff’s [13], Fitzroy’s [14], Arau’s [15], Neubaer’s
[16], which were collected and described together
with their use in the work [17].
Therefore, for small rooms this paper proposes a
method of choosing the best model for estimating the
reverberation time. For this purpose, in the reverber-
ation chamber of the acoustic laboratory of Civil
Engineering Faculty sound absorption coefficients
were calculated for Oriented Strand Board (OSB)
and mineral wool boards. Then two models of rooms
were built with the use of OSB taking into account
two variants of the acoustic field. In the first variant
isotropic acoustic field was considered. In a second
variant mineral wool slabs were added getting in this
way a disrupted field. The paper presents the results
obtained from the measurement of reverberation
time and the theoretical calculations and based on
them, a method of allocating points has been worked
out.
2. METHODOLOGY
2.1. Measuring devices
When measuring the reverberation time and rever-
berant sound absorption coefficient SVNTEK appa-
ratus was used, meeting metrological requirements
for equipment of Class 1 accuracy. The measurement
system consists of a transmitter and receiver circuit
(Fig. 1).
Part of the transmission system includes the following
elements:
• speaker of the spherical radiation pattern,
• generator of pink and white noise with amplifier
produced by Svantek.
The receiving part of the system consists of the fol-
lowing components:
• type of acoustic analyzer SVAN 958, No. 2475,
produced by Svantek,
• Microphone Type 4133, No. 557509, produced by
Bruel&Kjaer,
• preamp SV01, no.1433, produced by Svantek,
• acoustic calibrator, type SV03A, no. 2524, pro-
duced by Svantek,
• PC with software SvanPC Version 1.8c.
2.2. Measurement of the reverberation coefficient of
the materials sound absorption
The first stage of the measurements was to determine
the sound-absorbing characteristics of the materials
used for the construction and suppressing the test
premises.
Measuring the reverberant sound absorption coeffi-
cient (α) of OSB plates and mineral wool were made
in a reverberation chamber in the Acoustic
Laboratory of the Faculty of Civil Engineering in
accordance with the recommended procedure speci-
fied in the standards.
During the tests in a reverberation chamber air tem-
perature was 16.2°C and air humidity was 42%.
Measurements were carried out for the sample type:
• OSB slab size 250×400×2.2 cm,
• mineral wool boards 250×400×10 cm.
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Figure 1.
The measuring system used for testing [Author’s photo]
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A test sample with a surface area of 10 m2 with a shel-
tered edges was placed in the designated place (green
rectangle on the plan) in a reverberation chamber.
Before the measurements, test samples were subject-
ed to 24-hour acclimatization in a reverberation
chamber. The measurements were performed for 1/3
octave bands with center frequencies using the
method of intermittent noise. The tests were per-
formed for the six microphone positions (1-6, 7-12)
and two positions of sound source (P1, P2) to give a
total of 12 spatially independent measured decay
curves. Arrangement of the measurement points
(1-6, 7-12) and the location of the sound source (P1,
P2) is shown in Fig. 2.
To reduce the measurement uncertainty, due to sta-
tistical variations, two replicates were performed for
each of the 12 speaker-microphone setups. The
reverberation time was determined based on 24
sound disappears curves. The end result was the
arithmetic average.
In order to determine the reverberant sound absorp-
tion coefficient, two series of measurements of the
reverberation time of the chamber were performed:
• T1 – the reverberation time in empty chamber [s],
• T2 – the reverberation time in chamber with an
installed specimen [s].
Research results included the calculation of:
• the average T1 empty reverberation time chamber
as well as chamber with the test sample T2,
• the reverberant sound absorption coefficient of
the expression
where:αs – sound absorption coefficient,
AT – equivalent sound-absorbing surface area of the
tested specimen [m2],
S – surface area covered by the tested sample [m2],
c1,2 – the speed of sound in air [m/s],
T1,2 – the reverberation time in chamber (T1 – empty
chamber, T2 – after sample) [s],
m1,2 – the power attenuation coefficient at T1 and T2.
Using total differential uncertainty of measurement
of sound absorption coefficient was designated
according (3):
Wherein:
V – the reverberation chamber cubic capacity,
S – chamber limiting surfaces [m2],
c – the speed of sound at given temperature and
humidity conditions in the chamber
T1,2 – the reverberation time in chamber (T1 – empty
chamber, T2 – after sample) [s].
The results of the carried out laboratory tests taking
into account the measurement uncertainty have been
presented in graph (Fig. 3).
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Figure 2.
The location of sound sources P1, P2, and the measuring
points 1-6 and 7-12 in a reverberation chamber
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2.3. Measurement of the reverberation time of small
rooms
In the second stage of the research work the small test
rooms were made of tested materials and the rever-
beration time measurements were made in them.
The measurements were performed in two models of
rooms of the following dimensions 250×250×250 and
500×250×250 cm (length × width × internal height)
made of OSB panels 2.2 cm thick. The reverberation
time was determined for two variants of the sound
field. In the first variant isotropic acoustic field was
considered. In the second, however, sound-absorbing
material was introduced in the form of mineral wool
panels with a thickness of 10 cm, giving in this way a
distorted field. Figure 4 shows the location of mineral
wool panels on the walls of the test room.
The reverberation time research was carried out in
six measuring points located in the interior of two
models of rooms (see Fig. 4). Arrangement of mea-
suring points (1-6) and the location of the sound
source (P1) is shown in Fig. 5.
The measurements were made at points 1-6 spaced
by 0.35 m from the wall and positioned
at a height of 1.2 m from the floor of the room.
Omnidirectional sound source was located in the
middle of the room at a height of 0.8 m from the floor
of the interior. The reverberation time measure-
ments were made using the method of intermittent
noise. The stimulation of the interior by means of the
broadband noise was used. Measurements were car-
ried out using a broadband noise signal composed of
six octave bands from 125 Hz to 4 kHz. In order to
obtain high accuracy results and minimize the impact
of random excitation signal the measurement in each
point was repeated four times.
2.4. Theoretical models
There are several theoretical models for estimating
the reverberation time. Similarities and differences
of these models and their application in practice have
been gathered in the review paper [18]. They are all
substantially based on the modification of the
Sabine’s model .
The precursor of computational methods of rever-
beration time was Sabine who developed a very sim-
ple calculation model:
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Figure 3.
The reverberant sound absorption coefficient of used materi-
als as a function of frequency
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Figure 4.
Distribution of the sound-absorbing material in the model
rooms
Figure 5.
The model room (250×250×250) with the location of the
sound source (P1) and the measurement points (1 to 6)
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Where:
V – volume of the room
S – room limiting surfaces [m2],α – the reverberant sound absorption coefficient of
the given surface.
This equation makes sense for rooms poorly sup-
pressed and of a diffused sound field.
Eyring and Noris used the same formula as Sabine but
they introduced a logarithmic relationship:
It has been noted that the log can be developed in a
series:
Leaving aside, for poorly suppressed rooms, higher
powers α (as low ones close to zero), we get the
Sabine’s sound absorption coefficient.
Millington’s pattern is different from the Sabine’s and
Eyring’s in the way of determining the average rever-
berant sound absorption coefficient. In Sabine’s for-
mula the coefficient αSAB is determined as the arith-
metic average, while Millington suggested calculating
the coefficient as the geometric mean.
A model developed by Fitzroy takes into account the
uneven distribution of materials and acoustic regimes
in the room (αx
 αy 
 αz) and has the form:
wherein:
where:
Sx, Sy, Sz – surfaces of opposite walls pairs [m2],αx , αy, αz – the average reverberant sound absorp-
tion coefficients of the material for the respective
pairs of walls.
Arau-Puchades suggested improved equation, which
assumes that the reverberation time of the interior is
designated as a geometric weighted average of the
three reverberation times obtained from orthogonal
directions (x, y, z). It also assumes that the reverber-
ation time disappearance is hyperbolic. Absorption
coefficients used in the formula are the average
absorption of each pair of opposing walls.
Simultaneous reflections of sound arise between
these surfaces, and therefore the loss of sound should
be viewed in three directions. Arau-Puchades deter-
mines the reverberation time of the interior as fol-
lows:
wherein: αARAU,x = –ln(l – αx), αARAU,y = –ln(l – αy),αARAU,z = –ln(l – αz)
Neubauer illustrates a modification of the Fitzroy’s
equation, dividing respectively the Kuttruff’s correc-
tion member into two parts. One part reflects sur-
faces of the floor and ceiling, while the second part
takes into account the impact of other walls.
Neubauer’s equation considers the division of the
sound field into two parts treating the designated
absorption coefficients as an adjustment to the Eyring
and Kuttruff’s formula:
where:
l, w, h – length, width and height of the room [m]αCF – the average effective sound absorption coeffi-
cient for ceiling and floor,αWW – the average effective sound absorption coeffi-
cient for side partitions,
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ρ = 1– α – reflectance coefficient,SCF – the surface of the ceiling and the floor,SWW – surface of the side walls [m].
2.5. Model tests
Computer simulation of a room acoustics was per-
formed using the ODEON software version 12. In
order to determine the reverberation time of the
room a geometric model of the interior was created
and relevant material data was assigned for all the
surfaces. The coefficients α for all materials used
were previously determined in a reverberation cham-
ber according to the standard [18] and added to the
library database. The simulation was performed for
the same settings of the sound source and measuring
point as in real space.
3. RESULTS OF THE RESEARCH
The reverberation time studies were performed using
formulas, measurement and acoustic simulation
ODEON software. To estimate the reverberation
time the following formulas were used: Sabine’s,
Eyring’s, Millington’s, Kuttruff’s, Fitzroy’s, Arau’s,
Neubaer’s. Figures 6 and 7 show the reverberation
time results obtained for the two models of rooms.
Size T of the reverberation time measured directly is
treated as a random variable. The numerical value of
the expected value estimator , which is the arithmetic
mean , as employed as the measurement result. The
standard uncertainty of this measurement with the
estimation can be calculated as the standard devia-
tion of the average measurement results.
The measurements were performed at six points of
measurement, six times at each point. In total, aver-
aging the reverberation time they was made with 36
points. Based on the measurements a standard error
was determined, which has been shown in Table 1.
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Table 1.
The standard error of the reverberation time measurement
in tested rooms
Frequency [Hz] 125 250 500 1000 2000 4000
room
250×250×250
0.57 0.22 0.33 0.02 0.02 0.03
room
500×250×250
0.46 0.52 0.46 0.18 0.22 0.04
Figure 6.
The characteristics of the reverberation time obtained for
the room 250×250×250 a) for undisturbed sound field,
b) for disturbed field with mineral wool
Figure 7.
The characteristics of the reverberation time obtained for
the room 500×250×250 a) for undisturbed sound field,
b) for disturbed field with mineral wool
a
b
a
b
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The results indicate a fairly large spread of the rever-
beration time values for low frequencies. This may
be related to the length of the acoustic wave in rela-
tion to the geometrical dimensions of the room. The
higher the frequency the acoustic wave shorter and
hence the effect of standing wave for such a small
room becomes less visible. Similar conclusions were
drawn by the authors of the article [1] who also pro-
posed methods for measuring such small room.
The presented results show that in the rooms with
undisturbed sound field the same values of the rever-
beration time were obtained for the Eyring’s,
Fitzroy’s, Arau’s and Millington’s formulas. It can be
proved that in this particular case, if the reverberant
sound absorption coefficients α for all of confining
and limiting surfaces inside are the same (isotropic
acoustic field), the values obtained from the Eyring’s,
Fitzroy’s, Arau’s and Millington’s formulas are equal
[13].
4. ANALYSIS OF THE TEST RESULTS
The main objective of the analysis of the obtained
results of the reverberation time research was to
compare them. The values obtained from the mea-
surements have been compared with the values
obtained using the formulas listed above, as well as
with the values obtained using the computer simula-
tion by ODEON software. The applied method of the
rests analysis allowed for clear display of differences.
The rests were defined by means of formulas:
R1 = Tp – TSAB (1.1)
R2 = Tp – TEYR (1.2)
R3 = Tp – TMIL (1.3)
R4 = Tp – TFIT (1.4)
R5 = Tp – TARA (1.5)
R6 = Tp – TNEU (1.6)
R7 = Tp – TODE (1.7)
where:
Tp – the reverberation time obtained from the mea-
surement,
T(SAB EYR, ..., ODE) – the reverberation time derived from
the Sabine’s, Eyring’s, Millington’s, Fitzroy’s, Arau’s
and Neubaer’s formulas as well as computer simula-
tion made using the ODEON software.
The results of the analysis of the rests are shown
below in Figs. 8 and 9.
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Figure 8.
The characteristics of the rests obtained for the room
250×250×250a) for undisturbed sound field, b) for dis-
turbed field with mineral wool
Figure 9.
The characteristics of the residues derived from the room
500×250×250 a) for undisturbed sound field, b) for field dis-
turbed with mineral wool
c
a
b
a
b
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5. CONCLUSIONS AND CLOSING
REMARKS
1. The presented results (Figs. 6a and 7a) show that
as to the quantity Neubauer’s formula is closest to
the measurement. The biggest difference between
the results obtained from the measurements and
the formulas as well as the results obtained from
the measurement and a computer simulation was
observed at a frequency of 500 Hz.
2. A comparison of the Figs. 6b and 7b shows that the
obtained results are significantly different. The
shortest reverberation time was obtained by means
of the Millington’s formula.
3. The analysis of rests shown in Figs. 8a and 9a leads
to the conclusion that the resulting distributions of
rests are comparable in quality.
4. The rest value obtained using the formula (1.1) is
very close to the measured value only at a fre-
quency of 125 Hz.
5. In the case of the rest obtained from the formula
(1.7) it can be concluded that it is very close to the
value obtained from the measurement in the fre-
quency range 250-4000 Hz.
6. On the basis of obtained results it can be conclud-
ed that the Neubauer’s formula and acoustic simu-
lations give the best estimate of the reverberation
time for box rooms.
To confirm his thesis the below presented graphs
show points awarded to the formulas and acoustic
simulation for each frequency within the range
125-4000 Hz. The points were awarded based on data
derived from the analysis of rests. The rules for
awarding points is as follows. For each frequency the
rest of the measurement and theoretical calculations
are determined (see equations 1.1-1.7). Then, for a
given frequency in room 1 and 2 the rest is chosen
from rests (R1-R7) nearest to 0 and 1 point is
employed. The remaining rests receive 0 points. The
resulting Figs. 10a and 10b are the sum of points
obtained for the specific frequency in two rooms.
In rooms with isotropic sound field the Neubauer’s
formula obtained maximum number of points in the
frequency range 250-4000 Hz. The generated result
can be affected by the Fitzroy’s equation modification
proposed by Neubauer using Kuttruff’s correction
member respectively divided for this purpose. In
rooms with disturbed sound field only two points
gained acoustic simulations at a frequency of
4000 Hz.
This paper presents a preliminary study on the appli-
cation of theoretical models of the reverberation
time for each center frequency separately. On the
basis of these initial findings, it can be assumed that
for each center frequency different model can be an
optimal match. This observation can be useful when
adapting the acoustic design. Analyzing the results of
the measurement and calculation for the employed
room the optimal calculation model which approxi-
mates the measurement can be chosen for each fre-
quency. Then, choosing a method of adapting a suit-
able model may be employed for each frequency sep-
arately. This very practical approach will be verified
on real objects in subsequent research work.
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